Objective: Posttraumatic stress disorder (PTSD) is associated with incident cardiovascular risk. We tested the association of PTSD with clinic and ambulatory blood pressure (ABP) in a sample of healthy participants and tested ABP reactivity to anxiety as a mechanism by which PTSD may influence blood pressure (BP). Methods: Participants were originally enrolled during workplace BP screenings at three sites; approximately 6 years (standard deviation = 1.0) later, they completed nine clinic BP assessments within three visits, 1 week apart. Before the third visit, participants were screened for PTSD (≥33 on the PTSD Checklist-Civilian) and depression (Beck Depression Inventory) and then completed 24-hour ABP monitoring with electronic diary assessment of anxiety (0-100) at each awake reading. Results: Of 440 participants, 92 (21%) screened positive for PTSD. In regression models adjusted for depression and demographic and clinical variables, PTSD was associated with greater mean systolic BP (3.8 mm Hg clinic [95% confidence interval {CI}] = 1.1-6.5, p = .006), 3.0 mm Hg awake ABP [95% CI = 0.1-5.9, p = .04], and a nonsignificant 2.1 mm Hg ABP during sleep [95% CI = −1.0 to 5.1, p = .18]). PTSD was associated with greater 24-hour median anxiety (p < .001), and changes in anxiety were positively associated with concurrent systolic ABP (p < .001). ABP reactivity to anxiety was greater in participants with PTSD, which partially explained the association of PTSD with ABP. Conclusions: PTSD is associated with greater systolic BP, partly because of greater anxiety, and systolic BP reactivity to anxiety throughout the day. Daily anxiety and related BP reactivity may be targets for interventions to reduce the cardiovascular risk associated with PTSD.
INTRODUCTION P
osttraumatic stress disorder (PTSD) symptoms are independently associated with incident myocardial infarction (1) and stroke (1, 2) . A meta-analysis (five studies, N = 44,654 followed up for 3-15 years) found a 62% increased risk for incident cardiac events associated with a positive screen result for PTSD (3) . Furthermore, PTSD has been associated with hypertension in administrative records of young veterans (4, 5) and with blood-based measures of endothelial dysfunction (6) and inflammation in young civilians (7) .
Elevated blood pressure (BP) may be a mechanism by which PTSD increases cardiovascular disease risk, but the association between PTSD and BP is unclear and has been primarily tested in military veterans (8) (9) (10) . Ambulatory BP (ABP) is a better predictor of cardiovascular events than clinic BP (11, 12) and provides an important measure to elucidate the elevated cardiovascular risk associated with PTSD. The few studies that have assessed the association of PTSD with ABP in veterans included relatively small sample sizes ranging from 18 to 117 (13) (14) (15) , and the PTSD-ABP association in the nonveteran civilian population is not known. Across those studies, no consistent picture of PTSD's association with BP has emerged, but no ambulatory study has been powered to detect any but a very large effect (no n > 150 per study). Hypervigilance and hyperarousal in PTSD may produce more frequent and intense anxiety episodes, which may, in turn, produce concomitant increases in BP. PTSD is also associated with sleep disturbances, which may increase BP during sleep.
In the present study, we tested the association of PTSD symptoms with clinic and ambulatory daytime and nocturnal BP in a civilian sample of initially healthy working adult participants in a large, multisite study of hypertension. We hypothesized that participants who screen positive for PTSD would have elevated clinic and ABP and greater acute BP responses to naturally occurring bouts of anxiety (measured using ecological momentary assessment [EMA] ).
METHODS

Cohort Description
The present study used data from Phase 2 of the multisite Masked Hypertension Study (P01-HL047540) (16) , an investigation of the relationship of BP measured by clinic and ambulatory assessment to cardiovascular target organ damage. The overall National Institutes of Health-funded program project, of which the Masked Hypertension Study is one component, is titled "Psychosocial Factors and Cardiovascular Disease" and has sought to identify how psychosocial factors contribute to intermediate markers such as BP.
Participants were recruited through workplace BP screenings from 2005 to 2012 at two universities and affiliated medical centers, and a financial investment firm. The study was approved by the institutional review boards of Columbia University Medical Center and Stony Brook University. All participants gave written informed consent to participate. Eligibility for Phase 1 of the study was restricted to employees (at least 17.5 h/wk) 21 years or older. Excluded from the study were individuals with a screening systolic BP of at least 160 mm Hg or diastolic BP of at least 105 mm Hg; evidence of secondary hypertension other than a history of pregnancyinduced hypertension; taking antihypertensive or cardiovascular medications (except statins) or other medications known to affect BP (e.g., steroids and tricyclic antidepressants); any self-reported cardiovascular disease; history of chronic renal disease, liver disease, adrenal disease, or thyroid disease; being pregnant; or reported active substance abuse or a severe psychiatric disorder. Once enrolled in Phase 1, participants remained in the study for Phase 2 even if they did not currently meet Phase 1 inclusion criteria (e.g., in the years between Phase 1 and Phase 2 of the study, 15% of participants initiated antihypertensives but remained eligible).
Procedure
The Masked Hypertension study enrolled participants for its first phase between 2005 and 2012. This article uses data from Phase 2 (2012-2016), in which Phase 1 participants were invited to repeat all Phase 1 procedures an average (standard deviation [SD]) of 6.1 (1.0)years later, and also complete a PTSD assessment. Supplemental Digital Content 1, Figure S1 (http:// links.lww.com/PSYMED/A416), depicts the assessment timeline for Phase 2. The clinic BP of eligible and consented individuals was assessed at each of the first three clinic visits, conducted 1 week apart. Participants were instructed not to eat, smoke, or consume caffeine during the 30 minutes before their appointment, and this was confirmed upon arrival. Three manual BP readings were taken by mercury sphygmomanometer 2 minutes apart by a nurse/technician trained according to American Heart Association guidelines, after participants were in the seated position for 5 minutes.
At the end of the third study visit, participants were outfitted with a SpaceLabs 90207 ABP monitor (SpaceLabs, Snoqualmie, WA), programmed to take readings every 30 minutes. They were also fitted with two actigraphy devices (waist and wrist) and provided with a smartphone (Pidion BM-170 smartphone [Bluebird USA, Inc, Englewood Cliffs, NJ]) on which they were asked to answer questions about their thoughts, emotions, and activities immediately after each (awake) BP reading. Participants returned the ABP monitor and smartphone at the end of the 24-hour monitoring period (Visit 4). During a fifth clinic visit (Visit 5), participants completed a comprehensive medical history interview and cardiovascular evaluation. Height and weight were also measured and used to calculate body mass index (BMI).
Also at Visit 1, participants were given an extensive psychosocial questionnaire battery to complete and asked to return it by Visit 3. Participants were not scheduled for their Visit 5 until the questionnaire had been returned. The psychosocial questionnaire battery included assessments of PTSD and depressive symptoms.
PTSD Assessment
The PTSD Checklist-Civilian version (PCL-C) (17) is a 17-item PTSD screening instrument developed by the National Center for PTSD, and it has been used widely (18) . Participants rate the extent to which they were bothered by each of the 17 DSM-IV diagnostic criteria for PTSD in the past month with reference to stressful life experiences. Responses are rated on a scale from 1 ("not at all") to 5 ("extremely"). Cronbach α was .91. The PCL-C has excellent sensitivity and specificity for prediction of PTSD clinical diagnosis (19, 20) . We used a screening cutoff score of 33 (suggested for primary care settings (21) ) to classify PTSD (yes/no).
Depression Assessment
Depressive symptoms in the last 2 weeks were assessed using the 21-item Beck Depression Inventory (BDI) (22) . The BDI has been used for decades and been shown to have excellent test-retest reliability and construct validity (23) . Cronbach α in the present study was .89.
EMA of Anxiety
Participants rated their anxiety on a 2.5-in. horizontal visual analog scale (scored 0-100) by responding to the question "Just before [your] BP [was taken], how anxious/tense were you feeling?" using anchors of "not at all" (0) and "very much" (100). In a previous study, we estimated the state and trait components of variance in EMA anxiety, as well as the association of a latent variable of 24-hour EMA anxiety with traditional questionnaire-based "trait" measures. We estimated that, for a single EMA report of anxiety, the reliability is 0.73. In our sample, 56% of the total reliable variability in EMA anxiety was due to stable trait-like differences between individuals, whereas 38% of the reliable EMA variance was situation specific. The test-retest correlation for 2 days of monitoring was 0.90, but the correspondence of EMA anxiety reports with traditional trait questionnaires was poor (r = 0.25) (24) . Even so, we tend to view EMA reports as more reflective of participants' true affective experience (25) .
BP Outcome Measures
The mean of the nine BP readings taken during the three clinic visits (Visits 1-3) was used as the summary measure of clinic BP. For the ABP recordings, we computed mean awake and mean sleep ambulatory systolic and diastolic BP for each participant. The sleep period was determined from the wrist actigraphy (Actiwatch 2; Philips Respironics, Bend, OR) data, processed using the Actiware software (Philips Respironics) and self-reported sleep/wake times (26) . The awake means were treated as missing if the participant had fewer than 14 valid awake readings (n = 1), and the sleep means were treated as missing when there were fewer than 5 valid sleep readings (n = 31). Systolic and diastolic BPs were analyzed separately.
Analytic Strategy
We tested the hypothesis that participants with PTSD would have higher BP, including a) clinic BP, b) mean awake ABP, and c) mean sleep ABP, using linear regression, with persons as the unit of analysis. Known demographic correlates of BP (sex, black race, Hispanic ethnicity, age at Visit 1, BMI at Visit 5) and current use of antihypertensive medications were treated as covariates in all analyses. In addition, we adjusted for depression in all analyses (27) . Missing BMI data for seven participants was handled using multiple imputation.
We next tested the hypothesis that the ABP response to momentary anxiety (assessed by EMA) would be greater for those with versus without PTSD. Furthermore, we tested whether differences in mean momentary anxiety level over the course of the day, as well as any exaggerated ABP response to momentary anxiety, contributed to the PTSD versus no PTSD group differences in mean awake ABP. The distribution of anxiety ratings (0-100 points) was positively skewed, with person-specific SDs highly correlated with person-specific means; these problematic distributional properties (heteroscedasticity) were minimized by transforming the raw scores to their cube root (i.e., 1 → 1, 8 → 2, 27 → 3, 64 → 4, and 100 → 4.64) for analyses.
This second set of hypotheses, concerning the association of momentary anxiety with concurrent ABP and the influence of PTSD on that association, was tested in a multilevel mixed model predicting the individual ABP readings from momentary anxiety ratings and the subject characteristics used in the prior analyses (see Appendix for details of this analysis). All analyses were performed in SAS (version 9.4; SAS, Cary, NC).
RESULTS
Participant Characteristics
A total of 440 Phase 2 participants comprise the analytic sample (Fig. 1) , and of these, 92 (21%) screened positive for PTSD. The average (SD) age at Phase 2 was 52.1 (9.9) years, 38% were male, 6% self-identified as black race, and 14% were Hispanic. Those with versus without PTSD did not differ significantly on demographic variables or BMI. As expected, BDI scores and mean EMA anxiety during the ABP assessment were significantly higher among those with versus without PTSD (see Table 1 ). There were no statistically significant recruitment site differences (all p > .20) in mean levels of PTSD symptoms, depression symptoms, clinic systolic and diastolic BPs, mean awake and mean systolic and diastolic ABP, or mean anxiety score (untransformed or cube root transformed).
PTSD and Clinic BP
PTSD was associated with a 3.5-mm-Hg greater mean clinic systolic BP in the unadjusted comparison (95% confidence interval [CI] = 0.7-6.3, p = .01; see Table 1 ). In the covariate-adjusted model, PTSD was associated with a 3.8-mm-Hg greater mean clinic systolic BP (95% CI = 1.1-6.5, p = .006; see Table 2 ). Age, male sex, black race, and BMI were also significantly associated with mean clinic systolic BP (all p < .01). PTSD was not significantly associated with clinic diastolic BP in unadjusted or adjusted analyses (see Supplemental Digital Content 2, Table S1 , http://links.lww.com/PSYMED/A417). PCL-C total score was not significantly associated with clinic systolic BP (r = 0.08, p = .08) or diastolic BP (r = 0.01, p = .77).
PTSD and Awake ABP
PTSD was associated with a 3.3-mm-Hg greater mean awake systolic ABP in the unadjusted comparison (95% CI = 0.6-6.0, p = .02). In the fully adjusted model, PTSD was associated with a 3.0-mm-Hg greater mean awake systolic ABP (95% CI = 0.1-5.9, p = .04). Age, male sex, black race, and BMI were also associated FIGURE 1. Flowchart of exclusions for deriving the analytic sample. PTSD = posttraumatic stress disorder.
with mean awake systolic ABP (p < .01). PTSD was not associated with mean awake diastolic ABP in unadjusted or adjusted models (see Supplemental Digital Content 2, Table S1 , http://links.lww. com/PSYMED/A417). PCL-C total score was not significantly associated with awake systolic ABP (r = 0.06, p = .18) or diastolic ABP (r = 0.01, p = .83).
PTSD and Sleep ABP
PTSD was associated with a 2.1-mm-Hg greater mean systolic ABP during sleep, but this difference was not statistically significant (95% CI = −0.7 to 5.0, p = .13). PTSD was unrelated to sleep diastolic ABP (Supplemental Digital Content 2, Table S1 , http://links.lww.com/PSYMED/A417). PCL-C total score was not 
PTSD and the Association of Momentary Anxiety With Concurrent ABP
In the full sample, the mean (SD) of participants' average EMA anxiety ratings was 17.3 (14.6) (the mean of their median anxiety ratings was 13.8 [15.8] ). That is, in response to the prompt "Just before the BP [reading], how Anxious/Tense were you feeling?" participants marked on the horizontal line from "not at all" and "very much" in an area that, once converted to an integer that could range from 0 (left end point of the line) to 100 (right extreme of the line), corresponded to a 17.3 on average (with an SD of 14.6). After adjustment for PTSD and covariates but no interaction terms, EMA anxiety (cube root) was associated with concurrent systolic ABP (B = 0.87, 95% CI = 0.58-1.16, p < .0001), indicating that the predicted systolic ABP was 1.75 mm Hg higher for an EMA anxiety rating of 27 versus a rating of 1 (i.e., scores of 3 versus 1 on the cube root scale). Participants differed significantly in the magnitude of the relationship between their EMA anxiety and concurrent systolic ABP readings (SD of the unstandardized regression coefficients [B] = 1.34, p < .0001). That is, the relationship between EMA anxiety and systolic ABP was between −1.74 and +3.49 for 95% of participants. Next, we included interaction terms in the model to test whether PTSD status could account for some of the betweenpersons differences in the EMA anxiety → ABP association. This provided estimates of the average effects of EMA anxiety on ABP for those with versus without PTSD. The predicted difference in systolic ABP associated with an anxiety rating of 27 versus 1 for an individual with PTSD was 2.87 mm Hg (95% CI = 1.42-4.32, p < .001) compared with 1.48 mm Hg (95% CI = 0.82-2.14, p < .001) for an individual without PTSD. The interaction of the PTSD group with EMA anxiety accounted for 9.2% of the between-person variance in the effect of anxiety on systolic ABP, although the group difference in the average effect of anxiety on ABP did not reach statistical significance (p = .098). Figure 2 portrays the estimated relationship between momentary ratings of anxiety and concurrent systolic ABP readings for those with versus without PTSD according to the multilevel mixed model described. The model estimates suggest that 10% (0.33 mm Hg) of the overall group difference of 3.2 mm Hg is due to those with PTSD being more anxious and 10% (0.31 mm Hg) is due to those with PTSD exhibiting a greater increase in systolic ABP for a given change in anxiety.
A similar moderated effect of EMA anxiety ratings on awake diastolic ABP was also found, such that for those with PTSD, the predicted increase for an EMA anxiety rating of 27 versus 1 was 2.18 mm Hg (95% CI = 1.20-3.16, B = 1.09, p < .001), whereas for those without PTSD, the predicted diastolic ABP increase was 1.10 mm Hg (95% CI = 0.66-1.45, B = 0.55, p < .001). Again, the ABP response to changes in momentary anxiety was almost twice as large for those with PTSD compared with those without PTSD, but this difference did not achieve statistical significance (p = .06).
In a sensitivity analysis, we investigated whether any of the other covariates in the model moderated the relationship of EMA anxiety to ABP by testing interaction terms of each covariate with EMA anxiety in the fully adjusted model; none were significant (all p > .15).
DISCUSSION
This is the first study to systematically assess the association of PTSD with clinic, mean awake, and sleep ABP in a moderately FIGURE 2. Predicted relationship of systolic ambulatory blood pressure (ABP) readings to concurrently assessed anxiety, by PTSD group. This figure portrays the estimated relationship between momentary ratings of anxiety on a cube root scale and concurrent systolic ABP readings for those with versus without PTSD. It illustrates that the difference in predicted systolic ABP for these two groups increases as EMA anxiety rating increases. Values in mm Hg on vertical lines indicate the predicted systolic ABP difference between participants with and without PTSD at the corresponding level of momentary anxiety on the x axis. From left to right, the vertical lines correspond to the mean anxiety value in the no-PTSD group and the mean anxiety value in the PTSD group. Values in mm Hg on horizontal lines indicate the predicted systolic ABP difference between two levels of anxiety within the same PTSD/no-PTSD group. ABP = ambulatory blood pressure; PTSD = posttraumatic stress disorder; EMA = ecological momentary assessment; PCL = PTSD Checklist; VAS = visual analog scale. large sample of healthy civilians. We found a 3-to 4-mm-Hg higher clinic and mean awake systolic BP in participants who screened positive for PTSD and a nonsignificant 2.1-mm-Hg higher mean sleep systolic ABP. We found no significant associations of PTSD with clinic or mean ambulatory diastolic BP.
We previously demonstrated that momentary increases in anxiety are associated with acute increases in systolic ABP and that psychological factors, like self-esteem, can moderate the effect of momentary anxiety on BP (28) . In the current study, our a priori hypothesis was that PTSD would be associated with higher BP, due in part to participants with PTSD experiencing more anxiety, and a greater BP response to anxiety, throughout the day. The clinical features of PTSD and findings from laboratory studies suggest that PTSD could influence ABP through repeated acute increases caused by autonomic responses to bouts of stress and trauma reminders in daily life (10) . We found that approximately 20% of the association of PTSD with awake systolic ABP-after adjustment for demographics, BMI, and depression-was indeed accounted for by both the higher level of EMA anxiety reported by those who screened positive for PTSD and the greater increase in systolic ABP associated with any given change in momentary anxiety.
The systolic ABP response to changes in anxiety among those with PTSD was, on average, nearly double that observed among participants without PTSD, causing the predicted systolic ABP difference between groups to increase as anxiety increased. Although laboratory studies have shown exaggerated physiological stress reactivity to trauma reminders and other stressors in participants with PTSD versus without, to our knowledge, this is the first study to test whether PTSD is associated with increased BP response to feelings of anxiety in participants' daily lives. Our findings, along with others in the literature (29, 30) , indicate that taking momentary measures of negative affect into consideration may help to better understand cardiovascular risk in individuals with PTSD.
PTSD and anxiety have been associated with hypertension both cross sectionally and prospectively (4, 5, (31) (32) (33) . This study is the strongest evidence to date that PTSD is associated with elevated BP, and it yields support for one mechanism of that association. Chronic feelings of anxiety are thought to lead to chronically elevated BP due in part to the accumulation of momentary BP increases during anxiety-provoking circumstances, for example, in response to perceived threat (31) . Acute BP elevations are regulated primarily by the autonomic nervous system as a means to prepare the body for responding to these threats. Systolic BP is particularly responsive under these conditions (34, 35) , and we suspect that this accounts for our findings of a stronger association of PTSD with systolic BP than with diastolic BP. Nevertheless, we also found evidence that diastolic BP is increased during moments of anxiety in both groups, and although only approaching statistical significance, this increase among those with PTSD is nearly twice that for those without PTSD. This study points to an influence of PTSD on both mean level of anxiety and anxiety-induced transient increases in BP that may accumulate over time. Indeed, our finding of an association of PTSD with increased resting clinic BP supports this view.
This study should be interpreted with its limitations in mind. At enrollment, the sample was working and free of existing cardiovascular disease, Stage II hypertension, or BP-lowering medication; at the time of PTSD assessment (Phase 2), 15% were taking antihypertensive medication. Thus, these results may not generalize to those with established cardiovascular disease or long-term use of hypertensive medications. Also, the cross-sectional design of the study does not allow for strong causal interpretations, because some physiological stress markers thought to be consequences of psychological disorder have occasionally been shown to precede their psychological "causes" or exist in bidirectional relations with them (36, 37) . Furthermore, although this is the largest study of its kind to date, our statistical power for tests of moderated effects was low. This may explain p values of .06 to .10 for some of the very large effects that we observed, such as the apparent interaction of PTSD status and momentary anxiety on ABP parameters, Another issue is that 21% of the sample scored above the screening cutoff on the PTSD assessment. In a systematic review of 27 studies of PTSD screening in primary care, between 2% and 39% of participants screened positive, but in most studies, the estimate was lower than 20% (38) . Also, although we used the criterion standard PTSD screening tool, we did not use a clinical interview to determine PTSD status, so we do not know the association of PTSD diagnosis per se with BP. That being said, a positive screen result for PTSD has been consistently associated with incident cardiovascular disease risk (3). We also did not document traumatic event exposure, which is necessary for diagnosis of PTSD. However, 90% of the population has been exposed to trauma, suggesting that lack of exposure is rare (39) . Indeed, the standard primary care PTSD screening tool does not assess exposure (40) , and most primary care PTSD studies do not document exposure (38) . Finally, DSM-IV PTSD symptoms were assessed in the current study, because the investigation was started before the publication of DSM-5. These limitations notwithstanding, this study provides important new insight into a potential mechanism by which a relatively common psychosocial cardiovascular disease risk factor may contribute to cardiovascular risk in otherwise healthy people.
CONCLUSIONS
These results suggest that PTSD is associated with a moderate increase in systolic BP both in the clinic and in everyday life, and that exaggerated physiological responses to intermittent bouts of anxiety may play a role in causing or maintaining this systolic BP increase. The 3-to 4-mm-Hg systolic BP difference associated with PTSD that we observed is equivalent to 60% to 80% of the 5-mm-Hg increase in systolic ABP for smoking versus nonsmoking days (36) .
Taken together, the direct effect of PTSD on clinic and ambulatory systolic BP, its indirect effect through increased mean levels of anxiety in daily life that are also associated with acute systolic ABP increases, and the synergistic effect of PTSD and momentary anxiety on the magnitude of systolic ABP during periods of high anxiety suggest a potential causal role of PTSD in increasing BP. However, much of the BP difference due to PTSD remained unexplained in this study. Future research should identify the sources of that variance and determine whether treating PTSD lowers BP. 
